[1] Overexploitation of aquifers may impair groundwater quality and cause salinization, as occurs in the sloping Coastal Aquifer in Israel. The current management policy risks the future of the aquifer as the country's most important water reservoir. The paper examines a variety of policies and studies their impact on the salinization of the aquifer. Two quantitative approaches were applied: (1) a balance approach which was used to calculate the mean salinity of the aquifer water and (2) a 2-D numerical solution of the flow and transport equations in a 10 Â 15 km cell representing a portion of the aquifer. The policy alternatives include desalination of imported freshwater (180-250 ppm Cl À ), desalination of treated wastewater, and injection of the desalinated water. An increased pumping from the aquifer compensates for the injection of these waters. The results show that desalination of imported freshwater or wastewater with no injection would reduce the salinization rate of the aquifer only slightly, and that the effect would be noticeable only after a period corresponding to the retention time of the vadose zone. The alternatives that involve injection of desalinated water would stop the salinization process; the aquifer mean salinity would stabilize around the level that prevailed at the time of implementation of the injection policy. The numerical solution confirmed the conclusions of the balance approach while including the complex effect of the highsalinity boundary condition on the east and the role of thickness variations in a sloping aquifer. This approach addressed the influence of the spatial densities of pumping and of injection and showed that as the density increases, the numerical and balance solutions converge. It is shown that the numerical simulation should be used for future planning of the injection and pumping layout. Finally, calculations based on our results show that the alternatives involving injection of desalinated freshwater provide the lowest cost of improving the aquifer water salinity.
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Introduction
[2] Prolonged overexploitation of aquifers, and especially of coastal aquifers, has led to continuous deterioration of groundwater quality and to salinization [Zubari et al., 1997; Vengosh et al., 1999; Georgopoulou et al., 2001] . Salinization of an aquifer results from inflow of saline water, including artificial recharge, and from internal transport and dispersion of salts. In coastal aquifers, the issue of salt influx across the boundaries is accentuated by the possibility of saltwater intrusion across the groundwater/seawater interface, especially when overexploitation causes the groundwater levels to decline. In sloping aquifers, the thickness changes can enhance spatial variations in solute concentrations within the aquifer and, consequently, can affect the salinization rate expressed in terms of changes in the mean salinity. This aspect and its effects have not been addressed in the literature.
[3] The rate of salinization in an aquifer is strongly related to the management policy applied. Two elements of the exploitation policy can influence the salinization process: artificial recharge, and agricultural reuse of treated wastewater for irrigation above the aquifer. Artificial recharge of aquifers is increasingly used for short-or longterm underground storage [Bouwer, 2002] . It is used to stop the decline of groundwater levels, the decrease of spring discharges and to improve the sustainability of aquifers [Van Oorschot and French, 1996; Raju, 1998; Johnson et al., 1999; Haeffner et al., 2001; Donovan et al., 2002] . Once the technical feasibility of such a solution has been proven, its economic appropriateness has to be considered, and the cost-benefit evaluation remains the decisive element [Detay and Bersillon, 1996] . However, if artificial recharge can improve the water balance of an aquifer, its effect on the salinization process depends on the quality of the water used, especially when recharge is via injection wells.
[4] In regions suffering from water shortage, wastewater reuse can provide a significant additional source of water, mainly for agriculture, thus preserving scarce freshwater resources to satisfy the increasing demand from the urban sector. Indeed, the use of treated wastewater for irrigation is expanding in semi arid and arid regions worldwide. Agricultural reuse of wastewater turns out to be the economical choice for disposal of effluents in regions where the amount of effluents is steadily increasing and restrictions on sea dumping and other environmental regulations are more strongly implemented [Haruvy, 1997; Botzan et al., 1999] . However, the salinity of the effluents is 100 to 130 ppm Cl À higher than that of the supplied water, [Mercado and Banin, 1994; Goldfarb, 2002] . Therefore the increasing allocation of treated wastewater to irrigation may accelerate the salinization process of aquifers underneath the irrigated zones [Zaslavsky, 1999] . Georgopoulou et al. [2001] outlined a methodology to consider the integration of desalination of treated wastewater with artificial recharge in order to control seawater intrusion and to enhance the hydrologic budget in coastal regions that face salinity problems.
[5] The Coastal Aquifer in Israel has been overexploited over the recent decades, and water has been pumped out at twice the natural recharge rate to satisfy urban and agricultural demands. The Coastal Aquifer is composed of Pliocene-Pleistocene calcareous sandstone and layers of clay [Gavish and Friedman, 1969] . The aquifer is approximately 15 km wide by 126 km long, with a surface area of 1900 km 2 . It is a sloping aquifer whose thickness ranges from up to 200 m near the coastline to a few meters in the east. The central, southern, and eastern parts of the aquifer are phreatic and are considered to be uniform. In general, the aquifer overlies thick (up to 2000 m), impermeable units of the Saqiye Group. Along the eastern margin, the aquifer overlies the Cenomanian (Judea Group) aquifer in the central region and the Eocene aquitard in the northern and southern regions. Water quality monitoring data indicate that the mean salinity of the aquifer is steadily increasing; it is currently around 200 ppm Cl À , and recent estimates based on the balance approach predict that this will rise to 266 ppm Cl À by 2015 [Mercado, 2001] . The main elements in the actual management policy of the aquifer are presented in Figure 1 . Most studies agree that two elements contribute to the salinization of the aquifer. The first of these is the use of approximately half of the water from the northern Lake Kinneret (Sea of Galilee) that is conveyed through the National Water Carrier (NWC), to satisfy the urban and agricultural water demand of the coastal plain, and for local recharge. Given a salinity of around 250 ppm Cl À in Lake Kinneret, this means that approximately 45,000 tons of chlorides are imported yearly to the coastal plain. The second element is the use of treated wastewater for irrigation. However, geochemical studies have shown that factors such as water penetration from sub aquifers underlying the Coastal Aquifer might be more significant [Vengosh et al., 1999] . To date, 17% of the irrigation needs are fulfilled by reuse of treated effluents from the urban sector. Because of the increasing demand for freshwater for drinking, and the related increased output of wastewater, it is planned that by 2020, wastewater will constitute 65% of the water resource available to agriculture above the Coastal Aquifer [Dlayahu and Hadas, 1996] . The increasing allocation of treated effluents to irrigation is expected to accelerate the salinization of the aquifer.
[6] To deal with the salinization process, two different management policies have been suggested for the national water system: (1) desalination of the water from the NWC [D-NWC] [Mercado, 1999] and (2) desalination of treated wastewater before agricultural reuse [D-SEW] [Zaslavsky, 1999] . No quantitative estimates of the effects of these alternatives on the salinization rate have been presented.
[7] We suggest using the Coastal Aquifer of Israel as a case study to investigate the salinization process of an overexploited sloping aquifer, and to evaluate the effect of management strategies, namely, desalination of freshwater, desalination of treated wastewater, and artificial recharge through injection wells, on the salinization rate. The study applies two basic approaches: (1) the balance approach and (2) a numerical solution of the horizontal two-dimensional flow-transport equations.
Balance Approach
[8] The balance approach has been widely applied to aquifer management problems [Sanz, 1997] , and was extensively used to analyze the salinization of the Coastal Aquifer of Israel [Orenstein and Mercado, 1988; Mercado, 2001] . This approach assumes that the aquifer is a homogeneous unit in which mixing occurs instantly. Thus it disregards the physical aspects of flow and transport processes, as well as the complexity of the aquifer in terms of geometrical variations, variability in hydraulic properties, and spatial distributions of initial and boundary conditions. Such a balance approach requires the definition of all the water and salt fluxes out of and into the aquifer. The main components of the balance calculation are (1) inflows from the vadose zone, from the aquifer boundaries, and from artificial recharge when there is any and (2) discharge by pumping and outflows to the sea. Some of these fluxes, such as pumping and injection, are directly related to the management policy; others, such as allocation to the agricultural and urban sectors, which affect the contribution from the vadose zone, are related to regional development programs and depend on various scenarios of future planning of water resources. The remaining fluxes are related to the boundary conditions of the aquifer.
Chloride Balance Equation
[9] The annual change in the total mass of chloride in the aquifer for year y, DS(y), was defined as: where S(y) is the total mass of chloride in the whole aquifer, S VZ is the mass of chloride percolating from the vadose zone yearly, S R is the mass of chloride injected yearly via artificial recharge, S B is the mass of chloride entering the aquifer yearly through its boundaries (eastern and bottom boundaries), S S is the mass of chloride flowing out yearly from the aquifer to the sea, Q P is the volume of water pumped out from the aquifer yearly, and C A (y) is the mean chloride concentration in the aquifer. C A (y) is evaluated according to:
where V E is the effective mixing volume of the aquifer. The various annual fluxes of chloride in equation (2) are difficult to determine exactly, therefore two systems, involving differing estimates of the components in equation (2) were considered, to facilitate checking of the sensitivity of the results. The estimates for both systems are presented in detail in Table 1 . They are represented schematically in Figure 1 , where the dashed lines indicate differences between the two systems. The estimates of the salt balance components of system I are based mainly on Orenstein and Mercado [1988] and Mercado [2001] , and on the predictions developed by Dlayahu and Hadas [1996] regarding future regional development programs. The estimates of system II are based mainly on the figures suggested by Goldfarb [2002] and Goldfarb and Kislev [2002] who addressed the problem of a sustainable salt regime in the Coastal Aquifer. The main differences between the two systems are the following: (1) system I considers all the 300 Mm 3 of water conveyed annually in the NWC as available for desalination and injection in the Coastal Aquifer, and does not explicitly consider the 180 Mm 3 imported annually from the Mountain Aquifer, whereas system II takes account of only the 185 Mm 3 transferred annually from the NWC to the coastal plain but does consider the water from the Mountain Aquifer; (2) system I takes account of the 35 Mm 3 /y of artificial recharge that is actually applied, whereas this is neglected in system II; (3) system I does not consider contributions from the urban sector to the salt influx from the vadose zone, whereas system II does so. These two systems represent the actual management policy, currently implemented in dealing with the Coastal Aquifer. 
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[10] The chloride balance equation (equation (1)) was solved on an annual basis, according to the conditions described above, for the period, 1970 -2050, and the mean salinity in the aquifer was computed accordingly (equation (2) À while the computed one for system I was 201 ppm Cl À ). In the study, the different policy alternatives were all implemented arbitrarily in 2004. For system I, the estimates in Table 1 represent the management policy as planned until 2020; beyond that, the values are assumed to remain constant until 2050. For system II, the values are assumed to remain constant from 2004, with only the amount of treated wastewater used for irrigation increasing until 2020, and remaining constant thereafter.
Representation of the Different Alternatives in Terms of the Components in the Balance Equation
[11] Five alternatives are compared with the actual management policy in both systems. In system I, the alternatives were (1) All the alternatives involving injection of desalinated water stop the aquifer salinization process as soon as they are implemented, and they stabilize the mean aquifer salinity around the value at implementation (system I, Figure 2a ) or even below it (system II, Figure 2b ). When, in addition to injection, treated wastewater is desalinated before agricultural reuse, salinity decreases after 20 years, and aquifer rehabilitation begins (system I).
Improvement Cost
[13] Goldfarb and Kislev [2002] and Goldfarb [2002] dealt with the problem of a sustainable salt regime in the Coastal Aquifer by using the configuration of system II; they solved the water and salt balance equations to estimate the input/output components required to meet steady state conditions in the aquifer for various prescribed salinity targets. Goldfarb [2002] analyzed the effect and cost of Table 1  I D-NWC + Inj. Table 1  II D-SEW Q IS -Q P C S = 20 as in Table 1 Table 1 
two alternatives: (1) reaching a steady salinity target of 250 ppm Cl À when the priority was desalination of freshwater (pumped water from the aquifer and NWC water), [D-FW] target and (2) reaching the steady salinity target of 250 ppm Cl À when the available sewage water was desalinated first and additional freshwater was desalinated, if needed, to meet the target, [D-(SEW+FW)] target .
[14] The solution of the salt balance equation (equation (2)), using the configuration of system II, was obtained to simulate the dynamics of the mean salinity of the aquifer for the two alternatives of Goldfarb [2002] Figure 2b ). The corresponding water volumes for desalination, injection, and additional pumping, required for the various alternatives are listed in Table 3 .
[15] Although they were determined for steady state conditions, the two alternatives analyzed by Goldfarb [16] We calculated the annual costs, AC(alt), of the alternatives shown in Figure 3a . AC(alt) was defined as the additional cost, over and above the cost under the actual current management policy, and it was estimated on the basis of the data in Table 3 [17] The AC(alt) variable does not account for the cumulative effects of the respective alternatives on the salinization process. Therefore the simulation results presented in Figure 3a were used to express the annual impact of each alternative in terms of the cost of improvement of the aquifer salinity, IC(y, alt), for year y, defined as:
[18] The results are depicted in Figure 3b . The values for 2050 are presented in Table 3 . The two alternatives analyzed by Goldfarb [2002] are characterized by extremely high initial IC values that decrease exponentially. This behavior illustrates the fact that these two alternatives do not begin to affect the aquifer salinity until 20 years after implementation, during which there is no return on the invested costs. Comparison of these two alternatives shows that the IC for desalinating freshwater is lower than that for desalinating wastewater, indicating that in terms of costbenefit, it is preferable to desalinate freshwater than wastewater. In fact, the IC for desalinating wastewater is the highest of all the alternatives considered. The alternatives involving injection of desalinated freshwater into the aquifer (together with the corresponding increase of pumping) lead to lower IC values. 
Numerical Model
[19] The balance approach described in the previous section assumes that there is complete and immediate mixing within the aquifer; processes that are influenced by the mixing rate, the spatial variability of the aquifer properties (e.g., thickness and conductivity), and the detailed flux and concentration fields, are not accounted for. To partially overcome these limitations we have applied a generalpurpose finite element software (FEMLAB) and solved the flow and transport equations in a hypothetical 15 Â 10 km two-dimensional horizontal section to represent the hydrology of the central southern part of the Coastal Aquifer (Figure 4 ). This part of the aquifer was chosen since it is more vulnerable to salinization [Artzi, 1999] than the northern sections. Time and space dependent solutions were obtained by applying similar conditions to those used in the balance approach for system II. Solutions for three cases are presented: the actual case; desalination of freshwater and sewage water case [D-FW + SEW]; and artificial injection of desalinated freshwater [D-IFW + Inj.]. The impact of artificial injection was examined for four spatially different layouts of the pumping and injection systems.
Formulations and Solution Technique
[20] The two-dimensional flow equation is
where S T is the storage coefficient, B is the phreatic aquifer thickness (head-bottom), h is the hydraulic head, k is the hydraulic conductivity coefficient and Q i represents each of the source/sink terms: the rate of natural recharge (contribution from the vadose zone), Q VZ , the pumping flux, Q P , and the artificial injection flux, Q R . The twodimensional transport equation is
where c is the chloride concentration, q is the constant porosity, D is the dispersion tensor and V is the water flux (V = uî + vĵ, V = À Bkrh). The components of the dispersion tensor are D xx = a L juj + a T jvj, D yy = a T juj + a L jvj, and D xy = D yx = 0, where a L and a T are the longitudinal and transverse dispersivity coefficients. The variable c i represents the concentration of the natural (vadose zone) recharge, C VZ , the local chloride concentration for pumping (c at the pumping site), and the concentration of the artificial injection, C R .
[21] The lithological characterization was estimated from the geological cross sections [Tolements, 1977] , to provide both the depth of the top of the Saqiye Group (aquifer bottom) and an estimate of the aquifer transmissivity. A constant slope of the top of the Saqiye Group was approximated as 0.0117 m/m. On the assumption of an approximate depth of 150 m below sea level on the western boundary, the aquifer thickness was described by a linear function, B = h À (0.0117x À 150), where x is the distance from the coast (Figure 4) . The hydraulic conductivity was taken as constant (k = 10 m/day) following the observation that the aquifer formation is relatively uniform. Nevertheless, there are clay pockets distributed throughout the aquifer, which may affect its hydrology. Mechanical dispersivity coefficients, a L = 10m and a T = 1m, were matched with the Coastal Aquifer lithology according to review papers by Gelhar et al. [1992] and Beven et al. [1993] . Porosity (0.3), storability (0.25) and hydraulic conductivity were estimated on the basis of the aquifer lithology and many references [Averbach, 1958; Lee et al., 1980; Adams and Gelhar, 1992; Shavit and Furman, 2001] . No further calibration or properties adjustment was applied.
[22] The boundary conditions were defined as no flow conditions at the north and south boundaries (assuming that the 15 Â 10 km cell was typical of all the other cells in the Table 1 ); and a hydraulic head equal to that at sea level, with a total chloride flux equal to the convective flux (@c/@x = 0) on the west. The contribution from the vadose zone, calculated according to the balance approach results, was introduced for each simulated alternative. This contribution comprises a constant water flux, Q VZ = 4.11 Â 10 À4 m/day and a chloride concentration, C VZ (t), which was determined for each alternative in accordance with the input applied in the balance approach (Table 1 ). Figure 5 [23] The natural recharge source term, Q VZ covered the whole domain, whereas the pumping source term, Q P , and the artificial injection source term, Q R , were applied in the designated areas. Four different spatial layouts of pumping and injection areas were tested. The first layout included a single injection area near the center of the domain (an area of 3 Â 2 km with its center at (x, y) = (6.5, 5) km, surrounded by six pumping areas with dimensions and locations as listed in Table 4 . The domain dimensions were reduced by a factor of two and the reduced result was duplicated and translated to cover the whole domain, in order to refine the spatial distributions of the injection and pumping areas across the simulation domain. We performed this geometric operation three times in order to generate three additional layouts. These four layouts, named inj-1, inj-2, inj-3 and inj-4, contained one, four, 16 and 64 injection areas, respectively, covering a total area of 6 km 2 , and six, 24, 96, and 384 pumping areas, respectively, covering a total area of 12 km 2 . The artificial injection rate, when applied, was Q R = 1.31 Â 10 À2 m/day with a chloride concentration of 20 ppm Cl À (Table 2 , system II). The pumping rate, Q P , was equal to 4.96 Â 10 À3 m/day when no artificial injection was applied, and 1.15 Â 10 À2 m/day for the [D-IFW + Inj.] alternative. The finite element grid configuration generated for the second layout (inj-2; 4 injection areas and 24 pumping areas) is illustrated in Figure 6 .
[24] Initial conditions were generated for year 2004 by solving the model for 34 years beginning with 1970. The 1970 conditions included a steady state solution of the flow problem and a constant chloride concentration of 154 ppm Cl À . The solution of the model resulted in a good approximation to the measured head and chloride distributions in the 1980s and 1990s, and good agreement with the average values used in the balance approach for 2004.
[25] Numerical solutions were obtained with the FEMLAB (Comsol) software, a general-purpose finite element code developed for the MATLAB environment. The numerical solutions were found to be accurate when validated against simple 2-D flow problems. The reported numerical solutions were generated by applying bilinear weight functions and as many triangle elements as were needed to obtain a stable and accurate solution. The equations were solved by using mesh sizes of 2616, 8472, 8348 and 33644 triangular elements for the respective spatial layouts.
Numerical Results
[26] The calculated chloride concentration and hydraulic head distributions for 2050 are shown in Figure 7 . The characteristics of the solution for the cases where no injection is involved, and only pumping was simulated for the (inj-1) layout case, is illustrated by the solution for the actual case in Figure 7a . The other no-injection cases differed in the values of C VZ (alt). As predicted by the balance approach, the general influence of C VZ is manifested in a long-term change of the aquifer average salinity. Figure 7a .
[27] The hydraulic head contour map, shown in Figure 7a , shows a general flow direction from east to west, stagnation points between the pumping areas, and some reverse flow on their west. The hydraulic head pattern features high gradients ($3 Â 10 À3 m/m) in the eastern and central parts of the domain, and low gradients ($2.5 Â 10 À4 m/m) in its western side. Despite the small gradient near the coast, the total discharge to the sea was not negligible and amounted to 6440 m 3 /day, attributed to the large thickness of the aquifer cross section in this location. The area of the model domain comprises about 7.9% of the Coastal Aquifer, which was also the ratio between the length of the western [28] The results in Figure 7a show that the chloride concentration rises gently from about 200 ppm Cl À near the coast to about 300 ppm Cl À at 10 km inland, and then rises sharply to 1000 ppm Cl À on the eastern boundary. The temporal development of salinity shows increasing chloride concentration and increasing width of the saline area on the east. Chloride data [e.g., Artzi, 1999] indicates that the width of the eastern saline area has increased by a few kilometers between the 1970s and the present, and that its chloride concentration has doubled in many locations over the same period. This behavior was simulated correctly. However, as the present model is conceptual, no calibration was performed, and only general trends can be obtained. Figure 7a predicts that the salinization process on the east will not stop in 2050 and that it is expected to continue. It is obvious that this salinization process must be dealt with in order to maintain the sustainability of the aquifer.
[29] Figure 7b presents the concentration and hydraulic head distributions for 2050 that were calculated by simulating the [D-IFW + Inj.] alternative for the inj-3 layout. Low-concentration plumes are generated around the injection sites, and their length in the main flow direction (east to west) is greater at the eastern than at the western sites, because of the higher flow velocities in this area. Head contours indicate that local hydraulic head gradients are much steeper at these eastern injection sites.
The boundaries of the plumes lie along path lines, at stagnation regions and across saddle points. The simulation results show that, even in 2050, the spreading of lowsalinity water will not have terminated. This is observed on the western boundaries of the plumes. Longer simulations showed that these plumes continue to grow. Threedimensional simulations are expected to generate more complex geometries.
[30] A comparison between Figure 7a and Figure 7b shows that the alternative involving artificial injection and increased pumping accelerates the penetration of the highsalinity region on the east. It is worth noting that the distribution of pumping wells in the Israeli Coastal Aquifer is such that most of the pumping wells are along the central and western regions, with only few located near the eastern boundaries.
[31] Simulation results, such as those presented in Figure 7b , show that in sloping aquifers the choice of locations for pumping and injection determines whether artificial recharge will improve the aquifer sustainability. Data from the Israeli Hydrological Service indicate that artificial recharge of fresh water along the eastern boundary of the Coastal Aquifer has generated high heads and a local west to east flux. These fresh waters were mixed with saline water before they flowed back into the aquifer. Figure 7b shows that the specific configuration used in this simulation would not generate such a scenario. However, increased rates of artificial recharge, or a translocation of the recharge points to the east, are likely to result in severe salinization of the injected fresh water. On the other hand, a recharge location too close to the coastline could result in a loss of fresh water. The pattern shown in Figure 7b comprises a small outflow to the sea, but with salinity that is higher than the plume salinity (even in year 2050). It is understood that, as seawater intrusion must be taken into account in this Figure 6 . The finite element grid used for the inj-2 layout. The domain, including the four injection areas and the 24 pumping areas, was covered by 8472 triangular elements.
part of the aquifer, more detailed investigation is required. Despite all this, we state that only long-term average salinity values and the corresponding cost-benefit figures can determine whether the artificial recharge benefits the system or not. Local salinization and some losses of fresh water should not rule out the potential of the current approach if the total long-term effect is favorable.
[32] The results of the numerical simulation, in terms of the temporal variation of chloride concentration for each of the alternatives, are depicted in Figures 8-10 . Figure 8 shows the results for the [D-IFW + Inj.] alternative when the inj-1 layout was applied: although the salinity at the eastern and western pumping areas continues to grow, that at the central pumping areas starts to decrease in 2015. This is a result of the distance between the injection and pumping sites. A longer-term simulation results in a similar decrease in the western pumping wells starting in 2059. These reported values apply to the centers of the pumping areas; however, the concentrations at the edges of the western, central and eastern pumping areas reacts earlier and starts to Figures 9 and 2b demonstrates the agreement between the balance approach and the numerical solution. The 2050 salinity, as obtained with the inj-4 layout, is higher than indicated by the results of the balance approach but is lower than the values calculated with the inj-1, inj-2 and inj-3 layouts. This was to be expected, since the balance approach represents the extreme case of pumping and injection sites uniformly distributed over the whole aquifer. Increasing the spatial resolution should result in an asymptotic convergence of the numerical result to the balance approach result.
[34] The average salinity of the aquifer, as calculated by means of the balance approach and the numerical solutions (Figure 9 ), differs from the average salinity of the pumped water. The numerical solution provides the ability to distinguish between these two representative values. Although both are important, the average salinity at the pumping wells is probably a more appropriate parameter when a comparison is to be made with monitored data, and when the salinity of the supply water is of interest. Figure 10 shows the average salinity as calculated at the center of the pumping areas. The difference between the salinity values in 2004, as calculated for the inj-1 and inj-4 layouts, respectively, is due to the influence of the high-salinity region close to the eastern boundary, which is sampled by the pumping wells of the inj-4 layout more than by the inj-1 one. Note that the plotted line representing inj-1 can be obtained by averaging the results for the pumping wells depicted in Figure 8 . The most important result is that the salinity of the supply water produced by the inj-4 layout is nearly 180 ppm Cl À , which is lower than the result obtained with the balance approach (220 ppm Cl À ).
Conclusions
[35] The future of the Coastal Aquifer as Israel's most important freshwater reservoir is at risk because of its rapid salinization which, according to some predictions may lead to a salinity of $300 ppm Cl À by 2020. Since the increasing salinity of the aquifer is attributed to mixing of its groundwater with its major inputs (imported freshwater and treated wastewater), and since these inputs are by and large anthropogenic, an optimized management policy would be likely to limit or even reverse the salinization process and maintain the future sustainability of the aquifer.
[36] Several management policy modifications have been suggested in the past. These include desalination of the imported freshwater and desalination of the treated wastewater before its agricultural reuse. In the present study we applied mass balance calculations and two-dimensional numerical simulations to examine alternatives that are based on the injection of desalinated freshwater into the aquifer. Both types of analysis show that the alternatives involving injection of desalinated freshwater may be more effective in stopping the salinization of the groundwater in the aquifer. Cost/benefit estimations show that these alternatives are economically viable and may provide the lowest cost of improving the aquifer water salinity.
[37] A major difference between solutions that involve desalination of water prior to reuse and solutions based on injection of desalinated water is in the system reaction time. The former type of solutions involve a long retention time in the vadose zone, which results in a long delay before the policy takes effect, whereas under policies based on the latter solutions the mixing between the desalinated water and the local groundwater begins immediately.
[38] In light of the fact that aquifer internal processes affect the system reaction time, a temporal/spatial numerical solution was obtained. A two-dimensional horizontal model was used as a first approximation, to account for the sloping-aquifer configuration that characterizes the Coastal Aquifer. The results reveal the salinization mechanism that relates the high salinity in the eastern region to the sloping nature of the aquifer. It was also found that the solution is sensitive to the spatial layouts of injection and pumping areas. An optimal design process determines these layouts, including the mean distance between injection and pumping sites and the distances of these sites from the aquifer boundaries. By using the numerical simulations we were able to distinguish between the mean salinity of the whole aquifer and that of the pumped water. It was shown that a further improvement in the quality of the supplied water is to be expected when the alternatives involving injection of desalinated freshwater are applied correctly. Although promising, the effects of such an alternative has to be examined in more depth, and for more realistic conditions. 
